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We demonstrate broadband supercontinuum gen-
eration (SCG) in a dispersion-engineered silicon-
germanium waveguide. The 3-cm long waveguide is
pumped by femtosecond pulses at 2.4µm and the gen-
erated supercontinuum extends from 1.45µm to 2.79µm
(at the -30-dB point). The broadening is mainly driven
by the generation of a dispersive wave in the 1.5-1.8µm
region and soliton fission. The SCG was modelled nu-
merically and excellent agreement with the experimen-
tal results was obtained. © 2015 Optical Society of America
OCIS codes: (130.3120) Integrated optics devices; (190.4390) Non-
linear optics, integrated optics; (230.7390) Waveguides, planar.
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Silicon (Si) photonics has witnessed rapid maturity in re-
cent years, mainly due to its potential for high-yield, low-cost
CMOS-compatible fabrication of components. At the same time,
the high nonlinear refractive index of silicon (n2 = 4.5x10−18
m2/W), especially when combined with small-dimension, high
refractive-index-contrast waveguide geometries that lead to
tight mode confinement, makes Si photonic technologies par-
ticularly attractive for nonlinear applications. Si-based devices
have already been utilized to demonstrate numerous all-optical
signal processing applications. Indeed, nonlinear effects such
as four-wave mixing (FWM) [1], self-phase modulation (SPM)
[2] and Raman amplification [3] have been demonstrated in
silicon-on-insulator (SOI) waveguides and nanowires designed
for operation in the near-infrared (IR).
Silicon is also an excellent candidate for mid-IR applica-
tions, due to its transparency up to 8µm and to the reduced
two-photon and free-carrier absorptions at wavelengths beyond
2.2µm. Leveraging on these attributes, moderate to high bright-
ness wide-bandwidth laser sources have been demonstrated
based on supercontinuum generation (SCG) in this wavelength
region, using waveguides fabricated on either crystalline silicon
[4, 5], amorphous silicon [6] or silicon nitride [7]. Furthermore,
the development of on-chip sources providing short pulses has
driven research towards integrating both the pump source and
nonlinear element on the same chip [8].
We have recently reported the first demonstrations of all-
optical signal processing using silicon germanium waveguides
both in the near- [9] and mid-IR [10]. These demonstrations,
along with a detailed study on the optical properties of SiGe
waveguides [11], have highlighted that the addition of germa-
nium to silicon can enhance the nonlinear response in compari-
son to pure silicon, as well as act as an additional valuable design
parameter that can impact a host of optical properties (such as
linear loss, two-photon absorption (TPA) and dispersion) of the
nonlinear waveguide.
In this Letter, we have extended the work presented in [12]
where we reported the generation of a broadband supercon-
tinuum (SC) in a dispersion-engineered SiGe waveguide. The
waveguide was pumped using femtosecond pump pulses at
2.4µm and the 30-dB bandwidth of the SC extended more than
1330 nm spanning both the mid-IR and the entire telecommu-
nication wavelength window, while maintaining high spectral
uniformity. A numerical model was also developed to study
the SCG, providing excellent agreement with the experimental
data and offering valuable insights into the physical mechanism
driving the SC formation.
The SiGe device used was an air-clad waveguide with a 2µm
linear taper at each facet to facilitate input coupling. The length
of each taper was 0.5 mm and the total device length was 30mm.
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The device was grown by reduced-pressure chemical vapor de-
position (RPCVD) on a SOI wafer with a 2µm buried oxide layer
(BOX). A buffer Si layer was first grown to adjust the SOI layer
thickness to the desired value. The waveguide adopted a graded
Ge concentration profile which was realized by varying the
germanium mass-flow during growth, with the dichlorosilane
mass-flow staying constant. The process involved linearly in-
creasing the Ge concentration from 0% to 42% and then reducing
it back to pure Si symmetrically (see ref. [10] for further details).
The precise concentration and doping profile of Ge are impor-
tant for achieving the targeted dispersion and modal properties
required by the application and were determined taking into
account both the design targets and fabrication constraints. The
top of the SiGe graded-index layer was lowered by etching while
monitoring in situ the Ge content in the etched by-products with
mass spectroscopy.
Fig. 1. Experimental setup used for the SC generation experi-
ment. λ/2 WP: half-wave plate. Inset: Scanning Electron Mi-
croscopy (SEM) image of the waveguide.
The waveguide was realized by photolithography and etch-
ing. Etching ensured that the thickness of Si on the BOX layer
that constituted the slab was 184nm. The control of the Si slab
thickness allowed the dispersive and the modal properties of
the waveguide to be in line with the design targets. The final
fabricated device had an isosceles trapezoidal structure with a
vertical height of 1.597µm, a top width of 1µm and a bottom
width of about 1.22µm (see inset in Fig. 1). A detailed account
of the waveguide design and fabrication process can be found in
[10]. Experimental characterization revealed that the waveguide
exhibited losses close to 2 dB/cm at 2.4µm, and the simulations
predicted a nonlinear coefficient of 24.7/W/m and 23/W/m
and a ZDW of 2.1µm and 1.875µm for the TM and TE modes
respectively (Fig. 2).
The experimental setup used for the SCG experiment is
shown in Fig. 1. An idler-resonant femtosecond optical paramet-
ric oscillator (OPO) at 2.4µm was used as the pump source. The
OPO was synchronously pumped by a femtosecond Yb-fiber
amplifier system providing 130 fs pulses with an average power
of 4.5 W at 1050 nm and delivered 90 fs pulses at a repetition
rate of 80 MHz with a maximum average power of 300 mW
for the idler at 2.4µm and a near diffraction-limited (M2 ∼ 1.05)
beam quality [13]. The OPO pulses were coupled into the SiGe
waveguide using a free-space objective lens resulting in approxi-
mately 25 dB coupling loss. The low coupling efficiency can be
attributed to both poor facet cleaving and non-optimized optics
used for coupling light into the waveguide. By optimizing these
two parameters, a coupling loss figure of 9-10 dB is expected to
be achieved as reported in [10]. A half-wave plate was used to
Fig. 2. The simulated chromatic dispersion profile of the TE
(red) and TM (black) modes of the SiGe waveguide.
vary the polarization alignment of the pump such that the TM
mode of the waveguide was efficiently excited. The maximum
coupled peak pump power into the waveguide was estimated
to be 120 W, corresponding to a pulse energy of 9.5 pJ. The av-
erage supercontinuum power generated at the output of the
waveguide was 0.15mW giving rise to a conversion efficiency
of approximately 16% compared to launched power from the
OPO. At the output of the waveguide, the light was collected,
collimated and re-focused into a commercial mid-IR fluoride
fiber using a pair of ZnSe lenses. The optical spectrum was
measured with a monochromator (TMc300, Bentham Ltd.) and
a liquid-nitrogen-cooled InSb detector.
Fig. 3. The evolution of the spectrum as a function of the cou-
pled peak power into the waveguide as obtained experimen-
tally (lines) and from numerical modelling (dotted lines). Suc-
cessive spectral traces are shifted by 30dB for clarity.
Figure 3 shows the output spectra recorded on the monochro-
mator for various amounts of coupled peak power. At the max-
imum coupled peak power of 120 W, a broadband SC was ob-
served at the output of the waveguide with a 30-dB bandwidth
extending from 1.45µm to 2.79µm, and a 10-dB bandwidth of
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520 nm, which is one of the broadest 10-dB bandwidths demon-
strated with silicon-based devices. This was achieved by pump-
ing the SiGe waveguide in the anomalous dispersion regime,
therefore favoring the formation of a wider spectrum, as well
as operating beyond the TPA cut-off wavelength, thus reducing
the detrimental effects of nonlinear losses.
A numerical model simulating the SC broadening in the SiGe
waveguide was developed in order to verify the experimental
results and to gain an understating of the dominant physical
mechanisms that drive the spectral broadening. The model used
values of the linear and nonlinear refractive index of the SiGe
alloy that had been verified experimentally in refs. [10] and
[11]. Furthermore, the femtosecond OPO pulses necessitated the
inclusion of both three photon absorption (3PA) and free carrier
effects, which have been shown to be the dominant nonlinear
loss mechanisms at wavelengths beyond 2.2µm. The Raman
effect was neglected, since it plays a minor role in silicon-based
waveguides due to its relatively narrow gain spectrum [14].
The propagation of the ultra-short pulses along the SiGe
waveguide can be satisfactorily described by the nonlinear
Schrödinger equation as follows:
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In Eq. 1, A(z, t) is the envelope of the electric field, α is the
attenuation coefficient of the waveguide, βk are the dispersion
coefficients at the central frequency ω0 of the pulse, γ3PA is the
3PA coefficient, σ and µ are the free-carrier absorption (FCA)
cross section and free-carrier dispersion (FCD) parameters re-
spectively, and γ = ω0n2/cAe f f is the effective nonlinearity
coefficient of the waveguide, where n2 is the nonlinear index
coefficient, and Ae f f is the effective area of the waveguide mode.
The modeling of the free carrier density evolution and the val-
ues of µ, σ and γ3PA parameters are identical to that of ref. [5].
The dispersion coefficients were extracted by the effective re-
fractive index calculated from 1.3µm to 7µm with the use of a
mode solver in COMSOL. Instead of numerically approximating
the higher orders of dispersion, the infinite series of dispersion
terms in Eq. 1 was calculated with a higher accuracy following
the equation:
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where β(ω) = ne f f (ω)ω/c, β1(ω) = dβ/dω and F is the
Fourier transform operator.
Using the same mode solver, Ae f f was found to be 1.19µm2.
The real part of the nonlinear index coefficient n2 was estimated
to be 11x10−14 cm2/W, following ref. [15] and taking into ac-
count the gradient concentration profile of germanium in the
waveguide. The model ignored the two-photon-absorption ef-
fect in the near-IR and the dispersion of nonlinearity (i.e. the
dependence of the n2 parameter on wavelength [16]) along the
entire wavelength span as their inclusion in Eq. 1 is not a straight-
forward task and because the seed wavelength where the pulse
has highest intensity was above the TPA cut-off.
The free-carrier density Nc is modeled by the following rate
equation:
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where te f f is the effective carrier lifetime considering a char-
acteristic value of 10 ns, based on ref. [5].
Figure 3 (dotted lines) shows the simulated SC spectra at
various peak-power levels. The simulated spectra reveal that
the initial spectral broadening taking place at low pump powers,
is driven by SPM. As the power increases, dispersive-wave gen-
eration is observed in the near-IR (1.5-1.8µm region) and soliton
fission starts to dominate, causing all those spectral features to
merge and explaining the broadband nature of the generated SC
radiation. A very good agreement between experimental and
numerically simulated values is obtained. The main deviation
between simulations and experiments in Fig. 3 is observed at
high peak powers and could be attributed to nonlinearity disper-
sion which is not considered in the model. As such, the model
does not account for the reduced nonlinearity of the waveguide
at longer wavelengths and thus slightly over-estimates the extent
of the broadening. Neglecting the emergence of TPA effects at
the telecommunication wavelengths does not seem to impact the
agreement between the experimental data and the simulations.
Fig. 4. The simulated temporal profile for 80 W of peak power,
at the input and after propagation in 3 cm of the waveguide.
The SC was also studied in the time domain. Figure 4 shows
the simulated temporal profile in the case of 80 W of peak power,
while Fig. 5 depicts the longitudinal evolution of the optical
power as a function of time at the same peak power level. In both
figures, the findings above are confirmed, where the dispersive
and soliton components can again be clearly observed. The
main pulse is seen to break off into three lower order soliton
pulses and a dispersive pulse as it propagates further into the
waveguide, with the dispersive pulse broadening steadily as it
propagates longitudinally (Fig. 5). This is in accordance with
the theoretically analyzed soliton order following the condition
N2 = Re(γ)P0T20 /|β2| [14]. For a peak power 80 W, the order
of soliton of N ∼ 3 is consistent with both Fig. 5 and Fig. 6,
as three solitons can be identified within the first 7 mm of the
waveguide.
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Fig. 5. Longitudinal evolution of the optical power as a func-
tion of time at a peak power of 80 W. The color-bar shows the
power density using a dBm scale.
The evolution of the SCG as a function of the waveguide
length calculated for the case of 80-W peak power is shown in
Fig. 6. The figure shows that the SC forms fully within the
first 2.5 mm of the waveguide, highlighting the prospect of the
technology for providing even more miniaturized broadband
sources. Furthermore, the use of a more compact chip would
increase significantly the supercontinuum power at the output
and thus improve the efficiency of the SCG system accordingly.
Fig. 6. The evolution of the SCG power density along the
waveguide as a function of wavelength at a peak power of
80 W. The color-bar shows the power density using a dBm
scale.
In conclusion, this Letter has demonstrated the generation of
a continuous and highly uniform SC extending from telecommu-
nications to mid-IR wavelengths. A numerical study modelling
the experimental conditions was conducted, revealing a close
agreement between the experimental and numerical findings.
The study revealed that the origin of the SC broadening mainly
stems from the generation of dispersive wave and soliton fis-
sion. The results reported here emphasize the versatility of SiGe
devices for nonlinear applications over a wide range of wave-
lengths. The inclusion of Ge in the waveguides facilitates flexible
dispersion engineering and enhances the effective nonlinear co-
efficient.
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